Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder, characterized 39 by impairments in social communication and restricted, repetitive behaviours. Neuroimaging 40 studies have shown complex patterns of functional connectivity (FC) in ASD, with no clear 41 consensus on brain-behaviour relationships or shared patterns of FC with typically developing 42 controls. Here, we used k-means clustering and multivariate statistical analyses to characterize 43 distinct FC patterns and FC-behaviour relationships in participants with and without ASD. Two 44 FC subtypes were identified by the clustering analysis. One subtype was defined by increased FC 45 within resting-state networks and decreased FC across networks compared to the other subtype. 46 A separate FC pattern distinguished ASD from controls, particularly within default mode, 47 cingulo-opercular, sensorimotor, and occipital networks. There was no significant interaction 48 between subtypes and diagnostic groups. Finally, analysis of FC patterns with behavioural 49 measures of IQ, social responsiveness and ASD severity showed unique brain-behaviour 50 relations in each subtype, and a continuum of brain-behavior relations from ASD to controls 51 within one subtype. These results demonstrate that distinct clusters of FC patterns exist in both 52 ASD and controls, and that FC subtypes can reveal unique information about brain-behaviour 53 relationships. 54 55 Author Summary 56 57
Importantly, subtypes did not differ in demographics or behaviour, including IQ, eye 189 status, medication use, presence of comorbidities, head motion, or the parameters (scan site and 190 age) that were regressed out of the FC matrices ( Supplementary Table 3 ). While subtypes 191 differed in ADOS scores, and differences SRS scores approached significance, these differences 192 were driven by the fact that there were more TD participants with these scores in Subtype 2 193 compared to Subtype 1. SRS scores did not differ between ASD participants in Subtypes 1 and 2, 194 and also did not differ between TD participants in Subtypes 1 and 2. ADOS scores did not differ 195 between ASD participants in Subtypes 1 and 2, but could not be compared for TD participants in 196 Subtypes 1 and 2, because ADOS scores were only available for 2 TD participants in Subtype 1 197 and 12 TD participants in Subtype 2. 198 Next, we used a multivariate statistical approach to determine differences in FC between 199 subtypes and between ASD and TD participants. The reliability of these patterns was determined 200 via bootstrap sampling. A functional connection was considered to be reliable, or stable, if the 201 absolute value of its bootstrap ratio (BSR) exceeded 2. This analysis revealed two significant 202 patterns. The first pattern showed stable differences in FC between subtypes (p < 0.001, 61.07% 203 of variance explained, Fig. 2A ), whereby Subtype 2 was characterized by stronger FC within 204 resting-state networks, and weaker FC between networks, compared to Subtype 1. The contrast 205 expression for this FC pattern ( Supplementary Fig. 2 ) revealed that functional connections with 206 8 significant positive BSRs, on average, were positive in Subtype 1 and negative in Subtype 2, and 207 vice versa for negative BSRs. The second pattern revealed a contrast between diagnostic groups 208 (p = 0.02, 21.74% of variance explained, Fig. 2B) , with a diffuse spatial pattern. The contrast 209 expression for the second pattern ( Supplementary Fig. 3 ) revealed that functional connections 210 with significant positive BSRs, on average, were negative in the ASD group and positive in the 211 TD group, and vice versa for negative BSRs. The third pattern, which revealed a subtype by 212 diagnosis interaction, was not significant, p = 0.92. The significance of these spatial patterns 213 within and between resting-state networks (RSNs) was evaluated using permutation tests (see 214 Materials and Methods), and is shown in Fig. 3 . 
Multivariate analyses of FC-behaviour relationships 227 228
A multivariate brain-behaviour analysis was used to assess relationships between FC and 229 a set of behavioural measures in the two ASD-TD subtypes, including IQ, ADOS scores 230 (communication (COMM), social affect (SA), and restricted and repetitive behaviours (RRB)), 231 and scores on the Social Responsiveness scale (SRS). The full set of behavioural measures was 232 available for 51 participants (49 ASD, 2 TD) in Subtype 1 and 50 (38 ASD, 12 TD) participants 233 in Subtype 2. ADI-R scores were not included, as only 28 participants in Subtype 1 and 26 234 participants in Subtype 2 had the full set of behavioural measures including ADI-R scores.
235
Further, none of the participants with the full set of scores including ADI-R scores were TD 236 participants.
237
The analysis revealed 3 significant patterns. The first pattern (p = 0.03, 32.09% 238 covariance explained) revealed stable relationships between FC and IQ and ADOS RRB scores 239 in Subtype 1, and stable relationships between FC and all behavioural measures in Subtype 2.
240
The first brain-behaviour pattern was a contrast between Subtypes 1 and 2 in terms of 241 relationships with FC and ADOS RRB scores, such that connections that were reliably positively 242 correlated with ADOS RRB scores in Subtype 1 were negatively correlated in Subtype 2, and 243 vice versa. The third pattern (p = 0.008, 10.82% covariance explained) revealed a different 244 spatial pattern that exhibited stable correlations with IQ and SRS in Subtype 1, and with all 245 ADOS scores and SRS in Subtype 2. Additionally, there was a contrast between Subtypes 1 and 246 10 2 in terms of correlations between FC and SRS scores. The seventh pattern (p = 0.003, 4.45% 247 covariance explained) revealed a contrast between Subtypes 1 and 2 in terms of correlations 248 between FC and ADOS communication scores, as well as stable correlations between FC and 249 ADOS social affect scores in Subtype 1. Overall, it can be seen that connections that show stable 250 correlations with behaviour are diffuse. Patterns that accounted for more than 10% of the 251 covariance between FC and behaviour (that is, patterns 1 and 3) are shown in Fig. 4 , and the 252 corresponding contrast expressions are shown in Supplementary Fig. 4 and 5. The stability of 253 these FC-behaviour relationships within and between RSNs are shown in Fig. 5 . The relationship between brain and behaviour scores for ASD and TD participants in 265 Subtype 2 for the first pattern of the multivariate brain-behaviour analysis is shown in Fig. 6 . The 266 continuum of scores for both brain and behaviour variables illustrates that there is a pattern of FC 267 that co-varies with the severity of behaviours across the autism spectrum and typical 268 development. This analysis was only performed in Subtype 2, as there were only 2 TD 269 participants in Subtype 1 who had the full set of behaviour measures. We then determined the relationship between the patterns from the multivariate group 276 analysis and the multivariate brain-behaviour analysis by correlating the brain saliences for each 277 analysis, and evaluated the significance of these correlations using permutation testing. There 278 was a significant correlation between the first brain-behaviour pattern and the second group 279 pattern, r = 0.40, p < 0.001, indicating that the continuum of FC-behaviour relationships was 280 associated with the diagnostic pattern from the group analysis. The correlations between the 281 other patterns were not significant: (brain-behaviour pattern 1 and group pattern 1: r = -0.06, p = 282 0.81; brain-behaviour pattern 3 and group pattern 1: r = 0.005, p = 0.45; brain-behaviour pattern 283 3 and group pattern 2: r = 0.07, p = 0.13). Overview 288 This study reveals that there are distinct clusters of FC patterns in both ASD and controls. 289 We characterized network-level differences between subtypes and diagnostic groups, and further 290 showed that individuals within each subtype exhibit different relationships between FC metrics 291 and behavioural measures. The continuum of brain and behaviour scores across ASD and TD 292 participants reveals that FC phenotypes observed in ASD extend to typical development in 293 relation to behavioural severity.
295

Comparison of FC between subtypes and diagnostic groups 296
Two FC-based subtypes were defined for all participants. When all four groups were 297 considered in a multivariate analysis (i.e. ASD Subtype 1, ASD Subtype 2, TD Subtype 1, and 298 TD Subtype 2), the strongest pattern, not surprisingly, was a contrast between subtypes.
299
Regardless of diagnostic group, Subtype 2 was defined by greater FC within networks and lower 300 FC between networks, especially between the DMN and other RSNs, compared to Subtype 1.
301
Connections within networks tended to be positive on average in Subtype 2 and negative in 302 Subtype 1, indicating reduced interactions among brain regions within these networks in Subtype 303 1. Further, connections between networks that were lower in Subtype 2 tended to be negative, 304 but were positive on average in Subtype 1 ( Supplementary Fig. 2 ). As anti-correlations between 305 resting-state networks are hypothesized to signify the division of labour between brain regions 306 13 that are involved in different functions (Fransson 2006) , and the ability for regions that are 307 relevant for certain cognitive functions to become activated with concurrent deactivation of 308 irrelevant regions (Fox et al., 2005; Greicius et al., 2003) , these abilities may be affected in 309 Subtype 1.
310
A second pattern revealed diffuse functional connections that differed between diagnostic 311 groups in both subtypes. ASD participants exhibited reliable decreases in FC within the SMN, 312 DMN and CON, but greater FC within the ON. Atypical FC of sensorimotor regions in ASD has 313 reported in previous studies (Anderson et al., 2011; Mostofsky et al., 2009; Turner et al., 2006) . been associated with higher social deficits (Chien et al., 2015) . Additionally, reliably higher FC 328 was found between the DMN and FPN, DMN and ON, and CON and CN in ASD participants.
329
These connections were positive on average in ASD, but negative on average in controls 330 ( Supplementary Fig. 3 ). Previous studies have also reported reduced negative connectivity in individuals with and without ASD. Importantly, individuals in each subtype did not differ 359 significantly in IQ or SRS scores, and ASD participants in the two subtypes did not differ 360 significantly in ADOS scores. Thus, there is unique information about FC-based subtypes that is 361 not accessible by using behaviour alone.
362
The multivariate brain-behaviour analysis supports the idea that instead of being a 363 categorical diagnosis, ASD should indeed be considered as an extreme of a continuum of both 364 neurobiological and behavioural features that can also be observed in TD individuals 365 (Constantino & Todd, 2003; Rashid et al., 2018) . In other words, there is normal variation in FC 366 across both ASD and TD participants (see Fig. 6 ), but too much of this natural variation is 367 15 associated with a diagnosis of ASD. This idea is supported by the continuum of brain and 368 behaviour scores from pattern 1 of the brain-behaviour analysis for Subtype 2, and the significant 369 correlation between the spatial pattern for this pattern and the second pattern from the group 370 analysis, that is, the contrast in FC between diagnostic groups. This dimensional approach has 371 also been reinforced by recent studies that reported novel findings in individuals with ASD by One limitation of our study is that we defined subtypes using a single data preprocessing 386 strategy. It has been proposed that differences in analysis approaches between studies are the 387 most likely causes of inconsistent results between studies of FC in ASD (Hull et al., 2016) . For 388 instance, it has been shown that global signal regression reduces the relationship between FC and 389 head motion, but can result in distance-dependent artifacts in FC unless used in combination with 390 censoring methods (Ciric et al., 2017) . Preprocessing strategies such as global signal regression 391 and low-pass filtering have been shown to affect group differences in FC between participants 392 with and without ASD (Gotts et al. 2013; Muller et al., 2011) . The length of fMRI scans may 393 also contribute to heterogeneity across studies: it has been suggested that increasing scan lengths, 394 for instance from 5 to 13 minutes, improves the reliability of FC estimates (Birn et al., 2013) . It 395 is therefore crucial to gain a better understanding of how preprocessing choices and scanning 396 parameters affect group differences in FC, and to compare FC-based subtypes across different 397 preprocessing strategies.
16
Subtypes in this study were defined based on FC. The incorporation of additional metrics 399 may help to further characterize differences between the two subtypes defined in this study. For 400 instance, recent work has focused on altered dynamic FC "states" in ASD (e.g. Chen et al., 2017; 401 de Lacy et al., 2017; Rashid et al., 2018) . However, as participants' time series consisted of only 402 145 time points, characterizing FC states in this dataset was not feasible. 403 Finally, we examined the continuum of brain and behaviour scores across both ASD and 404 TD participants in Subtype 2; however, ADOS scores were available for only 2 TD participants 405 in Subtype 1. It will be important for future studies to collect ADOS scores in TD participants to Computation System pipeline (Xu et al., 2015) . Participants were excluded if their age was 426 greater than 40, full scale IQ was less than 75, mean framewise displacement (FD) during the 427 resting-state fMRI scan was greater than 0.20mm, percentage of data points exceeding 0.20mm 428 was greater than 20%, and/or scans were rated as good by less than 2 (out of 3 raters) as per the Table 1 , along with the number of scores that were available for ADOS, ADI-R and 435 SRS scores for ASD participants if these scores were not available for all 145 participants.
436
Participant characteristics for each site are described in Supplementary Table 1 . McIntosh et al., 1996; McIntosh & Lobaugh, 2004; Krishnan et al., 2011) . PLS software, which 502 is implemented in Matlab, is available for download from research.baycrest.org/pls-software. In 503 mean-centering PLS, patterns relating a matrix of brain variables (in the form subjects x brain 504 variables) and group membership are calculated. For this study, the brain variables were the FC 505 values in the lower triangle of each subject's FC matrix (12720 connections). Mean-centering
506
PLS was used to examine differences in FC between subtypes and between ASD and TD 507 participants.
508
Using singular value decomposition (SVD), orthogonal patterns that express the maximal 509 covariance between the brain variables and group membership are computed. The resulting 510 patterns are sorted in order of the proportion of covariance between the brain and 511 design/behaviour variables that the pattern accounts for, with the first pattern accounting for the 512 most covariance. Each pattern consists of saliences (weights) and a singular value. The brain 513 saliences indicate which brain variables (in this case, functional connections) best characterize 514 the relationship between the brain variables and group differences. Design saliences indicate the 515 group differences profiles that best characterize this relationship. Singular values indicate the 516 proportion of covariance between the brain and design matrices that each pattern accounts for.
517
Brain scores, which represent each subject's contribution to each brain salience, are calculated 518 by multiplying the original matrix of brain variables by the brain salience.
519
In behaviour PLS, a matrix of behaviour variables is also included in the analysis to 520 determine design-dependent (in this case, group-dependent) relationships between the brain 521 variables and behaviour. For this study, behavioural PLS was used to examine associations 522 between FC and a set of behavioural variables including IQ, ADOS scores (communication, 523 social affect, and RRBs), and scores on the Social Responsiveness Scale (SRS) in each subtype.
22
The statistical significance of each pattern was determined using permutation testing. For 525 this procedure, the rows (participants) of the matrix of brain variables are reshuffled, and new 526 singular values are obtained using SVD. In this study, this procedure was repeated 1000 times to 527 create a distribution of singular values. The p-value associated with the original singular value is 528 defined as the proportion of singular values from the sampling distribution that are greater than 529 the original singular value, thus representing the probability of obtaining a singular value larger 530 than the original value under the null hypothesis that there is no association between the brain 531 variables and group membership.
532
In addition to determining the statistical significance of each pattern, the reliability of the 533 brain saliences can also be determined by utilizing a bootstrapping procedure. Bootstrap samples 534 are generated by randomly sampling subjects with replacement, while ensuring that group 535 membership is maintained. In this study, 500 bootstrap samples were generated. Creating 536 bootstrap samples allows one to determine which brain variables are stable, regardless of which 537 participants are included in the analysis. The bootstrap ratio (BSR), defined as the ratio of the 538 brain salience to the standard error of the salience (as estimated by the bootstrap procedure), is a 539 measure of this stability. Reliable connections were defined as those that surpassed a BSR 540 threshold of +2.0, which corresponds roughly to a 95% confidence interval.
541
As FC values can take on positive or negative values, positive BSRs could correspond to 542 either stronger positive or weaker negative connectivity in one group compared to the other, and 543 negative BSRs could indicate weaker positive or stronger negative connectivity. Thus, 544 expressions of FC PLS contrasts were generated for each group. Positive expressions were 545 generated by averaging connections (Fisher z-transformed Pearson correlation coefficients) that 546 had BSRs greater than 2 across all participants in each group. A similar procedure was 547 performed for negative expressions, that is, for connections showing BSRs less than -2.
548
In addition to assessing the contribution of each individual connection to the group 549 differences, we were interested in determining the extent to which network-level FC, both within 550 and between RSNs, contributed to the group differences. This was of particular interest due to 551 hypotheses that ASD may be characterized by atypical FC within and between networks (e.g. were thresholded such that connections with a BSR less than 2 but greater than -2 were set to 0.
556
Positive BSRs greater than 2 were set to 1, and negative BSRs less than -2 were set to -1. All 557 thresholded BSRs within each pair of networks were then averaged to obtain a 6x6 matrix 558 showing the average contribution of each network pair to the spatial pattern, separately for 559 positive and negative BSRs. To assess the significance of these contributions, the order of 560 connections in the BSR thresholded matrices was permuted while keeping the RSN labels the 561 same, and then the above procedure was repeated to calculate the RSN contributions. This 
